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Several economical methods for geometry optimization, that should be
applicable to larger molecules, have been evaluated for 19 phosphorus
acid derivatives. MP2/cc-pVDZ geometry optimizations are used as ref-
erence points and the geometries obtained from the other methods are
evaluated with respect to deviations in bond lengths and angles, from
the reference geometries. The geometry optimization methods are also
compared to the much used B3LYP/6-31G(d) method. Single point ener-
gies obtained by subsequent EDF1/6-31+G(d) or B3LYP/6-31+G(d,p)
calculations on the respective equilibrium geometries are also reported
relative to the energies obtained from the reference geometries.

The geometries from HF/MIDI! optimizations were closer to those of
the references than the geometries of the HF/3-21G(d), HF/6-31G(d),
and B3LYP/MIDI! optimizations. The EDF1/6-31+G(d) or B3LYP/6-
31+G(d,p) single point energies obtained from the HF/3-21G(d), HF/6-
31G(d), and B3LYP/MIDI! geometries gave a mean absolute deviation
(MAD) from that of the reference geometries of 1.4–3.9 kcal mol−1. The
HF/MIDI! geometries, however, gave EDF1/6-31+G(d) and B3LYP/6-
31+G(d,p) energies with a MAD of only about 0.5 and 0.55 kcal mol−1

respectively from the energies obtained with the reference geometries.
Thus, use of HF/MIDI! for geometry optimization of phosphorus acids
is a method that gives geometries of near-MP2 quality, resulting in
a fair accuracy of energies in subsequent single point calculations,
at a much lower computational cost other methods that give similar
accuracies.
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INTRODUCTION

With the fast development in processing power of personal computers
and workstations the number of chemists using quantum mechanical
calculations as a tool in their research has increased dramatically. How-
ever, the level of accuracy that can be afforded for nonspecialists is usu-
ally quite limited since the smallest desirable size of a system often
contains more than 10 heavy atoms. In addition, many systems for bio-
logically related problems are even larger, and often contain third row
atoms like Mg, P, and S. It is therefore of great concern to evaluate meth-
ods that can be applied to chemical problems with reasonable accuracy,
and at a computational cost that is affordable by scientists with limited
computing facilities who wish to use quantum chemical calculations as
a complement to their experimental research. The time-limiting step
for most model chemistries is usually the geometry optimization.

Recently Hartree-Fock (HF) calculation with the MIDI!1 basis set
has been forwarded as a cost-efficient method for achieving geometries
of reasonably good quality (near MP2-quality). The geometry devia-
tions from comparison with MP2/cc-pVDZ calculations were presented
in the form of a composite of bond length and bond angle deviations
and the impact on subsequent single point energy calculations was not
reported. As opposed to most basis functions the MIDI! set was de-
veloped in order to predict accurate geometries rather than energies.
Calculation strategies often contain initial optimization at the Hartree-
Fock level with small basis sets, such as 3-21G(d) or 6-31G(d). This is
generally followed by higher level methods for obtaining more accu-
rate energies, most successfully in compound methods such as CBS-4.2

Since the MIDI! basis set has been developed for the specific purpose of
giving accurate geometries, rather than energies, it should reasonably
be most useful in dual level or compound strategies for prediction of
energies.

The HF/MIDI! method seems promising for use in nucleic acid chem-
istry and in particular for compounds containing phosphoryl functions.
Since it gave good geometries for the phosphorus containing compounds
of the original test set, it seemed valuable to extend the set to include
more phosphorus containing structures. In particular, we wish to eval-
uate methods that could be useful in calculations carried out to clarify
details of the mechanism of condensation in the H-phosphonate ap-
proach to oligonucleotides.3−8 In addition, we felt that it would be valu-
able to assess in more detail how the different bond lengths and angles
were affected, and above all how much the deviations in geometry affect
the energies of the systems as obtained from subsequent single point
calculations.
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In this study we have compared the HF/MIDI!1 geometry optimiza-
tions on phosphorus acid derivatives with several other more widely
used methods of relatively low computational cost. Deviations in bond
angles and bond lengths are reported relative to not only the MP2/cc-
pVDZ geometries,9−11 as in the original evaluation of HF/MIDI!,1 but
also to the more widely used B3LYP/6-31G(d) geometry optimization
method.12−14 The impact on geometry differences on subsequent single
point energy calculations was evaluated by using the popular B3LYP
functional12,13 with the 6-31+G(d,p) basis set. This method, together
with B3LYP/6-31G(d) geometry optimization, has been extensively
evaluated also for the G2 test set, and gives a mean absolute devia-
tion of 4 kcal mol−1.14 Energies have also been calculated with the new
EDF1 functional15 that has been reported to give more accurate ener-
gies than B3LYP with the 6-31+G(d) basis set (MAD 1.7 kcal mol−1 for
the G2 set with MP2 geometries). The molecules studied consisted of
the HCOP test set as used by Truhlar and coworkers,1 extended with
eight more molecules, in order to cover a wider range of phosphorus
compounds (Figure 1).

METHODS

The molecules and initial geometries were created with the GaussView
interface to Gaussian98. The starting geometry for each molecule was
then geometry optimized with the Gaussian98 program (rev. A.7)16 and
the default Berny algorithm using redundant internal coordinates.17

For SCF convergence the default DIIS algorithm was used except in
one case when quadratic convergence was used. The Möller-Plesset
(MP2), Hartree-Fock, and B3LYP methods were used with the basis
sets cc-pVDZ9,10 (MP2), 6-31G(d),18−21 (HF and B3LYP), 3-21G(d),22−24

(HF), and MIDI!1 (HF and B3LYP). Inclusion of diffuse functions to the
6-31G(d) basis set only gave small differences in geometries in both HF
and B3LYP calculations, with slightly higher deviations from the MP2
geometries (data not shown).

Subsequent B3LYP/6-31+G(d,p) single point energy calculations on
the geometries from the respective optimizations were carried out us-
ing the default DIIS algorithm with the SCF=Tight option for the
SCF convergence. The EDF1/6-31+G(d) single point energy calcula-
tions were performed using the Q-Chem program (version 1.2)25 on the
imported standard cartesian coordinates from the geometry optimiza-
tions in Gaussian98. The Gaussian98 calculations were performed on
Compaq-Digital XP-1000 personal workstations with single 500 MHz
EV6 processors and the Q-Chem calculations were performed either on
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FIGURE 1 Model compounds used in the calculations.

the Compaq stations or using an SGI Octane (2× 250 MHz, R10000)
workstation.

For all geometry optimizations the deviations of all different
types of bond angles and bond lengths, except those involving C H
bonds, have been calculated. These have then been compared to the
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MP2/cc-pVDZ and B3LYP/6-31G(d) geometries and the deviations have
been calculated for each type of bond and angle. For all geometry
optimized structures the EDF1/6-31+G(d) and B3LYP/6-31+G(d,p)
single point energies have been calculated. The deviations from the
corresponding energies obtained from the MP2/cc-pVDZ and B3LYP/
6-31G(d) geometries have been obtained, as well as the root mean
square (RMS) and mean absolute deviations for the whole test set.

RESULTS AND DISCUSSION

The deviations of the obtained geometries from the references, in bond
angles and bond lengths, are presented in Table I. Some trends are
clearly seen. The HF geometries with the widely used 3-21G(d) and
6-31G(d) basis sets generally give the largest mean bond angle devi-
ations (MBAD), when compared to the MP2/cc-pVDZ reference, most
severely for H O P and C O P angles (between 5 and 11 degrees too
large). The B3LYP methods give geometries much closer to the MP2
geometries, with the same angles being the most deviating ones. Worth
noting is that the B3LYP functional in most cases give slightly better
angles with the MIDI! basis set.

For the HF/MIDI! geometries all compared mean bond angle devi-
ations are within 2 degrees, and two thirds of them within less than
1 degree of the MP2/cc-pVDZ geometries. In fact, out of all geometry op-
timization methods used, HF/MIDI! displays the lowest maximum devi-
ation in bond angles from those of the MP2 geometries. The total picture
is that HF/MIDI! and the B3LYP methods give quite MP2- like bond an-
gles, while the HF/3-21G(d) and HF/6-31G(d) methods give considerably
higher deviations from the MP2/cc-pVDZ geometries. The only slightly
problematic bond angles using HF/MIDI! were in the conjugated an-
ionic O P O system 8 and the pentacoordinated anion 16. In these
cases some of the H O P or O P O angles deviated more compared
to the MP2 geometry (2–4 degrees). Some O P O and HO P OH
angles were too small and O P OH angles too large in 8, and some
HO P OH too large and H O P to small in 16. The other HF meth-
ods and B3LYP/MIDI! also gave deviations of the same order for the
same angles in 8. All methods gave similar or considerably higher (for
the HF methods) deviations for the above angles in 16. It also should be
noted that with a starting geometry of 17 with all P OH bonds equal,
all HF methods converged to a local minimum having the P H hydro-
gen in an apical position. However, a starting geometry with two P OH
bonds longer than the others converged (with all methods) to the lowest
energy structure with an equatorial P H hydrogen.
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TABLE I Deviations of Bond Angles and Bond Lengths from
Reference Geometries

Bond MBAD MBAD Bond MBLD MBLD
angle cf MP2a cf B3LYPb length cf MP2 (Å)c cf B3LYP (Å)d

HF/MIDI!
H O P −0.0705 −2.19 P H 0.00520 0.00710
C O P 0.0393 −3.01 P O −0.00962 0.00886
O P O 0.235 0.0366 P O −0.0142 0.00219
H P O 0.489 0.170 O H −0.000601 −0.00243
H P O −0.603 0.154 P C 0.0243 0.0177
C P O 2.13 1.10 C O 0.00713 0.00691
C P O −0.586 0.475
O P O −1.63 −1.42
H P H 1.21 1.14

HF/3-21G(d)
H O P 11.1 8.98 P H −0.0307 −0.0288
C O P 7.86 4.81 P O −0.0434 −0.0249
O P O −0.0476 −0.246 P O −0.0574 −0.0410
H P O 0.624 0.305 O H −0.0046 −0.00644
H P O 0.0228 0.780 P C −0.0256 −0.0323
C P O 1.55 0.516 C O 0.0196 0.0194
C P O −1.00 0.0609
O P O −1.64 −1.43
H P H 0.639 0.562

HF/6-31G(d)
H O P 4.98 2.86 P H −0.0289 −0.0270
C O P 5.21 2.16 P O −0.0486 −0.0301
O P O 0.202 0.0753 P O −0.0483 −0.0319
H P O 0.492 0.172 O H −0.0209 −0.0228
H P O −0.986 −0.229 P C −0.00668 −0.0134
C P O 2.19 1.16 C O −0.0184 −0.0186
C P O −1.78 −0.723
O P O −1.23 −1.02
H P H 1.28 1.21

B3LYP/MIDI!e

H O P −3.10 −5.22 P H 0.0280 0.0299
C O P −1.47 −4.52 P O 0.0195 0.0380
O P O 0.101 −0.0969 P O 0.0114 0.0277
H P O 0.167 −0.153 O H 0.0108 0.00892
H P O 0.0414 0.798 P C 0.0360 0.0293
C P O 0.983 −0.0499 C O 0.0251 0.0248
C P O 0.113 1.17
O P O −0.863 −0.654
H P H 0.0364 −0.0410

(Continued on next page)
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TABLE I Deviations of Bond Angles and Bond Lengths from
Reference Geometries (Continued)

Bond MBAD MBAD Bond MBLD MBLD
angle cf MP2a cf B3LYPb length cf MP2 (Å)c cf B3LYP (Å)d

B3LYP/6-31G(d)
H O P 2.12 P H −0.00191
C O P 3.05 P O −0.0185
O P O 0.127 P O −0.0164
H P O 0.319 O H 0.00183
H P O −0.757 P C 0.00669
C P O 1.03 C O 0.000220
C P O −1.06
O P O −0.208
H P H 0.0774

aMean bond angle deviation from the MP2/cc-pVDZ geometries for
test set molecules 1–19.

bMean bond angle deviation from the B3LYP/6-31G(d) geometries for
test set molecules 1–19.

cMean bond length deviation from the MP2/cc-pVDZ geometries for
test set molecules 1–19.

dMean bond length deviation from the B3LYP/6-31G(d) geometries for
test set molecules 1–19.

eGeometry optimization of molecule 2 with B3LYP/MIDI! was carried
out using quadratically convergent SCF.

As with the bond angles, the mean bond length deviations (MBLD)
relative to the MP2 geometries are most severe with HF/3-21G(d) and
HF/6-31G(d), but these are now also joined by B3LYP/MIDI! (Table I).
These HF calculations generally give too short bond lengths (with devi-
ations of up to 0.05–0.06 Å) whereas the B3LYP/MIDI! method gives too
long bonds (with deviations of up to 0.03–0.04 Å). The B3LYP/6-31G(d)
calculations gave results that where quite similar to MP2/cc-pVDZ, with
most bond lengths deviating only in the third decimal place, the excep-
tions being the P O and P O bonds that were 0.016–0.019 Å too short.

The HF/MIDI! calculations gave mean bond length deviations
(MBLDs) relative to the MP2/cc-pVDZ geometries that were of a qual-
ity similar to those of the B3LYP/6-31G(d) calculations, giving a lower
MBLD for P O bonds and higher for P C bonds. The only cases
that gave significantly higher bond length deviations than the MBLDs
were models 2 and 16. The P O bond length obtained for 2 was
0.064 Å shorter and the P OH bond lengths obtained for 16 were
0.02–0.04 Å shorter than those of the MP2 geometries. For 2 the ob-
tained bond lengths were even shorter for the other HF-calculations
(0.076 and 0.094 Å) and for the B3LYP geometries they were also too
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short, although deviating less (0.018 Å with MIDI! and 0.045 Å with
6-31G(d)). As opposed to the bond angles, the bond length deviations in
the phosphate monoanion 8 fall within the MBLD’s reported in Table I.
Overall the HF/MIDI! optimizations give geometries of near MP2 qual-
ity and at least as close to the MP2 geometries as those obtained with
the more time demanding B3LYP/6-31G(d) optimizations.

Compared to the B3LYP/6-31G(d) geometries both the HF/MIDI!
bond angles and bond lengths are in general closer than for any of
the other methods, including B3LYP/MIDI! (Table I). The bond lengths
vary only in the third or fourth decimal place, except for the P C
bonds. Hence the HF/MIDI! geometries can also be considered as
B3LYP/6-31G(d)-like, and considerably more so than the other HF or
the B3LYP/MIDI! geometries. Clearly the HF/MIDI! geometries deviate
only slightly from the geometries obtained with the more costly MP2
and B3LYP methods. An important question is how much these small
deviations affect the energies of the structures.

When comparing the outcome of subsequent single point energy cal-
culations on the differently optimized geometries (Table II) it is clear
that the MP2/cc-pVDZ and B3LYP 6-31G(d) geometries give very simi-
lar energies. The B3LYP/6-31+G(d,p) energies generally lie within one
kcal mol−1 (MAD 0.76 kcal mol−1) and the EDF1 energies within a few
tenths of a kcal (MAD 0.26 kcal mol−1) of each other. For most purposes
these geometry optimization methods can be considered to provide ge-
ometries that give equivalent energies for these types of molecules.
From Table II it also is clear that the HF/3-21G(d), HF/6-31G(d), and
B3LYP/MIDI! geometries give consistently too high energies. For these
Hartree-Fock methods the deviation is worst when EDF1 energies are
compared (up to +5–8 kcal mol−1 with a MAD of 3–4 kcal mol−1) and for
the B3LYP/MIDI! geometries the B3LYP/6-31+G(d,p) energies deviate
most (up to 4–5 kcal mol−1 with a MAD of 2.27 kcal mol−1).

Upon subsequent single point energy calculation, the HF/MIDI! ge-
ometry optimized structures give energies that are quite compara-
ble to the ones obtained with the MP2/cc-pVDZ geometries. Both the
B3LYP/6-31+G(d,p) and EDF1/6-31+G(d) energies are usually within
one kcal mol−1 (MAD 0.55 and 0.50 kcal mol−1) and in many cases
within a few tenths of a kcal mol−1. The three models that with
HF/MIDI! geometry give the highest deviations in single point ener-
gies from the energies of the MP2 geometries are the anions 2, 8, and
16. These were also the models that gave the HF/MIDI! geometries
that deviated most from the reference. The energies for 8, neverthe-
less, deviate less than for the geometries obtained with the other HF
basis set combinations and B3LYP/MIDI!, but it indicates that caution
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is in place and one probably should count on larger errors when deal-
ing with compounds having this type of functionality. The energies for
models 2 and 16 are deviating from the references substantially for
most methods, but more inconsistently. In contrast to the other mod-
els, 16 gives the B3LYP/6-31G+(d,p) energy closest to the reference
with the HF/6-31G(d) geometry, while the EDF1 energy is closest to
the reference using the HF/MIDI! geometry. For the methods that give
the best overall performance, HF/MIDI! and B3LYP/6-31G(d), the ener-
gies for 2 are similar (−1.65 and −1.5 kcal mol−1 respectively) and the
energies for 16 closest to the reference are those for HF/MIDI! (−1.7
to −3.2 kcal mol−1) rather than those for B3LYP/6-31G(d) (−2.8 to
−3.7 kcal mol−1).

When comparing the single point energies of the differently opti-
mized models with B3LYP/6-31G(d) as reference, not unexpectedly, a
similar picture as for the geometries emerges (Table III). The HF/3-
21G(d), HF/6-31G(d), and B3LYP/MIDI! geometries give energies that
deviate substantially from those of the B3LYP/6-31G(d) geometries (up
to 5–11 kcal mol−1 with MADs of 1.5 to 4 kcal mol−1). The HF/MIDI! ge-
ometries, however, give energies generally within one kcal mol−1 (MAD
about 0.5 kcal mol−1) of those of the B3LYP/6-31G(d) geometries, with
the only exceptions being models 8 and 18 that have slightly higher
deviations (1.6–2.3 kcal mol−1).

Using HF/MIDI! for geometry optimization of phosphorus acids
clearly gives geometries and subsequent single point energies quite
comparable to those of considerably more computationally demanding
methods. To obtain a crude estimate of the difference in computational
cost we have compared the time required for the different geometry op-
timizations. The comparison is quite approximate since the number of
optimization cycles can vary substantially and we only have correlated
the time with number of heavy atoms, which of course gives a weighted
contribution from the heavier phosphorus atom. It should anyway be
useful as a rough guide as to the limits of the methods that give quite
comparable geometries and energies.

As indicated in Figure 2 there is a tremendous difference in the de-
pendence of CPU time on the size of the molecule, for geometry opti-
mizations using the best of the different methods. To obtain an estimate
on the limits of each method we have made a rough approximation by
correlating the CPU time to the number of heavy atoms via a simple ex-
ponential equation (i.e., CPU time= (# heavy atoms)X). We have, using
the equations of the curve fits of Figure 2, obtained estimates of ex-
pected computational times for differently sized molecules (Table IV).
These correspond to examples of interest in nucleic acid chemistry; typ-
ical examples could be isopropyl pivaloyl H-phosphonate, a model of an
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FIGURE 2 CPU time for geometry optimization using different methods ver-
sus number of heavy atoms. CPU time= (# heavy atoms)X; X(MP2/cc-pVDZ) : 5.74,
X(B3LYP/6-31G(d)) : 5.07, X(HF/MIDI!) : 4.26.

intermediate in H-phosphonate coupling26 (13 heavy atoms), a purine
nucleoside (20 heavy atoms), and a 2′-O-alkyl nucleoside 3′-(ethyl phos-
phate) (ca 30 heavy atoms).

Already the largest models in our test set show a considerable differ-
ence in computational cost. Upon increasing the number of heavy atoms
to 13, geometry optimization with HF/MIDI! is still quite painless while
the least costly of the other methods would take some days and MP2 cal-
culations would be quite time-demanding. For even the larger molecules
B3LYP is inconveniently slow and MP2 is hardly reasonable even with
much more processing power, especially considering the small increase
in accuracy that would be achieved relative to using HF/MIDI!.

TABLE IV Approximate Expected CPU Times for
Geometry Optimization of Differently Sized
Molecules with the Three Most Accurate Methods

# Heavy CPU time CPU time CPU time
atoms MP2/cc-pVDZ B3LYP/6-31G(d) HF/MIDI!

6 8 h 2.5 h 35 min
13 1 month >5 days 16 h
20 1 year 1.5 months 4 days
30 10 years 1 year 24 days
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CONCLUSIONS

Geometry optimizations of phosphorus acid derivatives using HF/MIDI!
are computationally inexpensive and give geometries that are close
to those obtained with the MP2/cc-pVDZ as well as B3LYP/6-31G(d),
and superior to those obtained with HF/3-21G(d) and HF/6-31G(d).
Most importantly, the HF/MIDI! geometries lead to B3LYP/6-31+G(d,p)
and EDF1/6-31+G(d) single point energies of a mean absolute devia-
tion (MAD) of 0.5–0.55 kcal mol−1 from those obtained using MP2/cc-
pVDZ geometries, which is comparable to results with B3LYP/6-31G(d)
geometries (MAD (from MP2) of 0.3–0.8 kcal mol−1). This devia-
tion is quite small for many practical applications and, especially if
computational cost is essential, the method is clearly of choice for
molecules with more than 10 heavy atoms. Since the combination
B3LYP/6-31+G(d,p)//B3LYP/6-31G(d) gives energies with a MAD of
4 kcal mol−1 relative to experimental data14 one can assume that
B3LYP/6-31+G(d,p)//HF/MIDI! would not give a MAD of more than
about 4–5 kcal mol−1. The combination EDF1/6-31+G(d)//HF/MIDI!
probably gives even more accurate energies compared to experimental
data but to get a better estimate of this one would need more extensive
comparisons.

In summary, for quantum chemical calculations of phosphorus acid
derivatives use of the modest Hartree Fock level in combination with
the MIDI! basis set gives near-MP2 quality in geometries, resulting in
a fair accuracy of energies in subsequent single point calculations, at a
low computational cost. The other methods that give similar accuracies
require a much higher computational cost.
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